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INTRODUCTION
The field of immunotoxicology has greatly progressed over the last several decades; however, the immunotoxic effects of agrochemical compounds, such as pesticides, remain unclear and require further study (Neishabouri et al., 2004; Riahi et al., 2010) . This is especially important, because several widely used agricultural products, including organochlorine, organophosphate, and carbamate pesticides, are immunotoxic (Riahi et al., 2010) .
Paraquat dichloride (N,N-dimethyl-4-4′-bipiridinium, PQ), a non-selective and non-systemic herbicide, has been used worldwide for several decades; however, its immunotoxic potential remains unclear (Schenker et al., 2004) . Studies have shown that PQ exerts its immunotoxic effects by suppressing Concanavalin A (Con A)-induced rat splenocyte proliferation, decreasing thymic and splenic weight, and reducing the splenic cellular content (Caroleo et al., 1996; Schenker et al., 2004) . PQ was also shown to inhibit lipopolysaccharide (LPS)-induced lymphocyte proliferation, interferon (IFN)-γ production, and monocyte phagocytosis (Styles, 1974; Riahi et al., 2010) . Combined, these data support an immunotoxic role for PQ.
Macrophages are immune cells that play an essential role in antigen presentation and phagocytosis, thereby mediating immune responses. As a result, macrophages play a key role in the initiation of adaptive immunity, regulate many physiological and immunological functions, and are susceptible targets for chemical oxidants (Zirk et al., 1999; Deng et al., 2013) . PQ dose-and time-dependently decreases the number of viable peritoneal and alveolar macrophages (Styles, 1974; Dusinska et al., 1998) . Furthermore, PQ dysregulates macrophage activity and decreases phagocytosis (Dusinska et al., 1998) . However, the effects of PQ-induced cytotoxicity on macrophage cell viability and its mechanism of action remains unclear.
In this study, we evaluated the underlying mechanism of PQ-induced cytotoxicity in macrophages. We hypothesized that PQ induces apoptosis via the intrinsic mitochondrial pathway. RAW264.7 cells were treated with PQ and assessed for changes in mitochondrial membrane potential (MMP), the ex-
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Biomol Ther 23(5), 407-413 (2015) DAPI staining for apoptosis RAW264 .7 cells were plated in 4-well plates (5×10 4 cells/ well) for 24 h, and then treated with PQ (0, 75, or 150 μM) for 24 h. Cells in each well were fixed in 4% formaldehyde for 15 min at 37 o C. Triton X-100 (0.5%) was added, and cells were incubated for 15 min at 37 o C. Finally, cells were incubated with 2 nM DAPI staining solution for 10 min in the dark. Apoptotic cells were observed through confocal microscopy (LSM 710 Meta Confocal Microscope, Zeiss, Welwyn Garden City, UK).
Annexin-V staining assay
RAW264.7 cells were plated in 6-well plates (5×10 5 cells/ well) for 24 h, and then treated with PQ (0, 75, or 150 μM) for 24 h. The cells were then collected, washed with ice-cold PBS, and suspended in 1 mL Annexin V binding buffer containing 5 μL Annexin V-FITC and propidium iodide (PI). Cells were incubated for 15 min at room temperature in the dark. The fluorescence was measured using a FACS Calibur TM flow cytometer equipped with Cell Quest Pro ® software (Becton Dickinson Immunocytometry System; Franklin Lakes, NJ, USA), and fluorescence data was collected from 10,000 cells.
Measurement of ROS generation
Intracellular ROS levels were determined using a fluorometric assay (DCF-DA assay). RAW264.7 cells were plated in 6-well plates (5×10 5 cells/well) for 24 h, and then treated with PQ (0, 75 or 150 μM) for 24 h. Cells were then incubated with 10 μM carboxy-H2DCF-DA at 37 o C for 60 min. The plates were washed three times with PBS, and the fluorescence was measured using flow cytometry, as described above. The fluorescence intensity is proportional to the amount of ROS produced by the cells.
MMP assay
MMP (ψm) was measured using the JC-1 Detection Kit according to the manufacturer's instructions. RAW264.7 cells were plated in 6-well plates (5×10 5 cells/well) for 24 h, and then treated with PQ (0, 75, or 150 μM) for 24 h. Cells were incubated with 2 μM JC-1 for 30 min at 37 o C in the dark, and then analyzed by flow cytometry. The JC-1 fluorescence was also measured by confocal microscopy. Cells were plated in 24-well plates (5×10 4 cells/well) for 24 h, and then treated with PQ for 24 h. Cells were then incubated with 2 μM JC-1 for 30 min, as described above. JC-1 fluorescence was photographed with a confocal microscope. JC-1 is a fluorescent carbocyanine dye that exhibits potential-dependent accumulation in mitochondria, indicated by a fluorescence emission shift from green (~529 nm; monomer) to red (~590 nm; dimer). Consequently, a decrease in the red/green fluorescence intensity ratio indicates mitochondrial depolarization. At a highly polarized MMP, JC-1 aggregates into dimers and emits red fluorescence; however, when MMPs are depolarized (such as during apoptosis), it forms monomers and emits green fluorescence. Thus, the cells with decreased MMP were indicated by a higher percentage of green fluorescence from JC-1 monomers.
RNA isolation, cDNA synthesis and quantitative real-time PCR amplification
Real-time PCR was performed to analyze gene mRNA expression in treated RAW264.7 cells. Cells were plated in 6-well plates (5×10 5 cells/well) for 24 h, and then incubated with PQ (0, 75, or 150 μM) for 24 h. RNA was extracted using Trizol reagent. For quantitative real-time PCR, 0.1 μg of the total RNA was reverse transcribed using SuperScript III First-Strand Synthesis System for RT-PCR. Real-time PCR was performed in duplicate using the MyiQ single-Color Real-Time PCR Detection System and an iQ SYBR Green Supermix (Bio-Rad) . Relative expression was normalized to GAPDH levels. The primer sequences used were: GAPDH, forward (5′-TTCACCACCATGGAGAAGGC-3′) and reverse (5′-GGCATGGACTGTGGTCATGA-3′); Bax, forward (5′-TGCA GAGGATGATTGCTGAC-3′) and reverse (5′-GATCAGCTC-GGGCACTTTAG-3′); Bcl-2, forward (5′-CAGATGCCG GTTC-AGG TACT-3′) and reverse (5′-AAGCTGTCACAGAGG GGC-www.biomolther.org 
Western blot analysis
The expression of Bax, Bcl-2, and caspase-3 was detected by Western blot. PQ-treated RAW264.7 cells were harvested and lysed in lysis buffer (50 mM Tris-Cl, pH 7.4, 150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% Triton X-100, and protease inhibitor cocktail tablets [Roche]) on ice. The protein concentrations of the cytosolic extracts were measured using the BCA protein assay with bovine serum albumin as standard. Equal amounts of protein extracts were separated on acrylamide gel by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). The proteins were transferred onto a PVDF membrane and incubated with specific primary antibodies (rabbit polyclonal anti-Bcl-2, rabbit polyclonal antiBax, rabbit polyclonal anti-Caspase-3) overnight at 4 o C. Each membrane was washed three times, and then incubated with horseradish peroxidase (HRP)-labeled anti-rabbit secondary antibodies for 1 h at room temperature. To prove equal loading, the blots were analyzed for β-actin expression using an anti-β-actin antibody. Immunodetection was performed using Amersham TM ECL TM western blotting detection reagents (GE Healthcare, Chalfont St. Giles, UK). Expression levels were quantified by densitometry, followed by normalization to the β-actin control. The signals were analyzed and quantified by Image J software (NIH, Bethesda, MD, USA).
Analysis of cytochrome c release
Mitochondria were isolated with the Mitochondria Isolation Kit for Mammalian Cells according to the manufacturer's instructions. Protein concentrations were measured by the BCA protein assay, and 25 μg protein was loaded to an SDS-PAGE gel and transferred to PVDF, as described above. The primary antibody, mouse monoclonal anti-cytochrome C, was added overnight at 4 o C, and HRP-labeled anti-mouse secondary antibody was incubated for 1 h at room temperature. Immunodetection was performed using Amersham TM ECL TM western blotting detection reagents.
Statistical analysis
All data were expressed as the mean ± standard deviation (SD). Differences between groups were analyzed using a oneway analysis of variance (ANOVA) and Tukey's test. Statistical significance was accepted when the p-value was less than 0.05.
RESULTS

PQ decreases the viability of RAW264.7 cells
To detect the effects of PQ on RAW264.7 cell viability, the cells were incubated with PQ (0-200 μM) for 24 h (Styles, 1974; Cappelletti et al., 1998; Suntres, 2010, 2011; Cheng et al., 2012; Kang et al., 2013; Wang et al., 2014) . After incubation, cell viability was evaluated using a CCK-8 assay.
As shown in Fig. 1 , PQ dose-dependently decreased cell viability. Treatment of RAW264.7 cells with 150 μM PQ for 24 h reduced cell viability approximately 50%.
PQ induces apoptosis in RAW264.7 cells
To quantify PQ-induced apoptosis, we performed a fluorometric analysis after annexin V-FITC/PI double staining. The rate of apoptosis in control cells was low (5.69%; Fig. 2 ). However, apoptotic cells, as indicated by Annexin V-FITC positive cells, were dose-dependently increased by PQ (18.27 and 30.55% compared to the control; Fig. 2 ). To investigate the effects of PQ on the nucleus, cells were stained with DAPI. PQ induced prominent nuclear changes in treated cells (Fig. 3) . The nuclei were round, intact, and uniformly stained in control cells; however, PQ exposure induced nuclear condensation, resulting in smaller nuclei that displayed membrane blebbing and fragmentation as the cells died. At 75 and 150 μM PQ, a number of cells exhibited nuclear condensation, membrane blebbing, and apoptotic bodies. Importantly, these aberrant nuclear alterations were not observed in control cells. Thus, PQ induced apoptosis in RAW264.7 cells.
PQ increases intracellular ROS levels in RAW264.7 cells
To investigate whether ROS mediate PQ-induced apoptosis, we measured the intracellular ROS levels after PQ treatment. Because PQ is known to induce ROS formation through the activation of enzymes initiating redox cycling of the herbicide, it would not be unexpected that ROS generation mediates apoptosis (Ali et al., 1996; Castello et al., 2007; Mussi and Calcaterra, 2010) . We used carboxy-H2DCF-DA, a ROSsensitive fluorometric probe, to measure ROS production by flow cytometry. As shown in Fig. 4 , PQ treatment significantly enhanced ROS generation in RAW264.7 cells.
PQ induces apoptosis by decreasing the Bax/Bcl-2 ratio
The Bcl-2 family, including Bcl-2, Bcl-XL, Bax, and Bad, regulates various steps in apoptosis. Bcl-2 and Bcl-XL inhibit cell death, whereas Bax and Bad promote programmed cell death (Shi et al., 2010) . To further investigate whether PQ modulates the expression of pro-and anti-apoptotic genes, we measured the mRNA and protein expression levels of Bax and Bcl-2 in RAW264.7 cells after PQ treatment. After normalization to GAPDH, the expression level of Bcl-2 mRNA was dramatically decreased. Furthermore, compared to the control group, the Bax/Bcl-2 ratio was significantly and dose-dependently increased (Fig. 5A ). Bcl-2 and Bax protein levels were also measured by western blot (Fig. 5B) . Our results showed that the band corresponding to Bcl-2 (26 kDa) decreased in a dose-dependent manner. However, the pro-apoptotic protein, Bax (23 kDa), was increased (Fig. 5C ).
PQ decreases mitochondrial membrane potential (Δψ m ) in RAW264.7 cells
To investigate whether changes in MMP regulate PQ-induced apoptosis, we evaluated the effect of PQ on the MMP. After PQ treatment, the fluorescence of JC-1 was measured by flow cytometry or confocal microscopy. As shown in Fig.  6 , the control cells exhibited strong red fluorescence with a high MMP, whereas the PQ treated cells showed green fluorescence, due to the presence of monomeric JC-1. Thus, our data indicate that PQ decreases the MMP, leading to mitochondrial depolarization. 
PQ precedes the release of cytochrome c from mitochondria into cytosol and activation of caspase-3 in RAW264.7 cells
To determine if loss of MMP results in the release of cytochrome c, we evaluated cytochrome c content. After PQ treatment, mitochondria were separated from the cytosol, and cytochrome c was analyzed by western blot. As shown in Fig.  7A , cytochrome c appeared in the cytosol after PQ treatment. However, cytochrome c content in the mitochondria was not altered. Depolarization of MMP triggers the release of cytochrome c from the mitochondria into the cytoplasm. Cytochrome c oxidase activity was identical in the mitochondrial extracts, and was absent in the cytosolic extracts. Caspase proteins play a pivotal role downstream of the Bcl-2 family by initiating cellular breakdown during apoptosis. In the intrinsic cell death pathway, which is mediated by mitochondria, cytochrome c activates caspase-9, which then activates caspase-3. To determine whether caspase-3 is activated after PQ treatment, the cells were harvested for western blot after exposure to PQ. As shown in Fig 7B, PQ increased the protein levels of cleaved caspase-3, indicating that PQ promotes the release of cytochrome c from the mitochondria, thereby activating caspase-3.
DISCUSSION
Although PQ is a widely used herbicide in agriculture, there is little information regarding its influence on the immune system. Some studies have shown that PQ has an immunosuppressive effect (Caroleo et al., 1996; Riahi et al., 2010; Riahi et al., 2011) . Furthermore, the presence of PQ in the immune and hematopoietic systems, including the bone marrow, spleen, and thymus, has been reported (Riahi et al., 2011) . PQ was shown to significantly decrease the viability of rat peritoneal and alveolar macrophages (Styles, 1974) . More recently, a study demonstrated that PQ suppresses monocyte and granulocyte phagocytosis. Thus, it is clear that PQ can enter the host immune system and suppress macrophage activity. However, the specific mechanisms of PQ action have not been elucidated.
Although it is widely accepted that PQ generates ROS, such as superoxide radicals (O2
•-), hydrogen peroxide (H2O2), and hydroxyl radicals (
• OH), its detailed toxic actions at the single cell level have not yet been fully described (Ali et al., 1996; Castello et al., 2007; Mussi and Calcaterra, 2010) . In the present study, we provide in vitro evidence indicating that oxidative stress promotes PQ-induced macrophage death (Fig. 7A ) and caspase-3 (Fig. 7B) . Densitometry was performed following normalization to β-actin. Data represent the mean ± SD of at least three independent experiments. ***p<0.001 indicates a significant difference as compared to the control group.
http://dx.doi.org/10.4062/biomolther.2015.075 via mitochondrial damage and caspase-3 activation, thereby leading to apoptosis. We used RAW264.7 cells isolated from the ascites of BALB/c mice to investigate the relationship between PQ and cell apoptosis (Deng et al., 2013) . Our results revealed that PQ induced the intrinsic apoptotic pathways in RAW264.7 cells.
This study showed, for the first time, that the PQ-mediated cytotoxic effects in RAW264.7 cells were associated with increased intracellular ROS levels (Fig. 4) , MMP depolarization (Fig. 6) , release of cytochrome c (Fig. 7) , and the activation of caspase-3 (Fig. 7) . As shown in the present study, PQ increased intracellular ROS levels and decreased MMP (Fig.  4 and 6 ). Immune cells, especially phagocytic cells, such as macrophages and neutrophils, use ROS to support their functions. Thus, low levels of ROS are essential for daily survival (Boxer et al., 1979; Riahi et al., 2011; Victor et al., 2004) . Nevertheless, ROS overproduction can induce cellular damage (Victor et al., 2004; Rio and Velez-Pardo, 2008) . Phagocytic cells are particularly sensitive to oxidative stress because of the high proportion of polyunsaturated fatty acids in their plasma membranes and their high ROS production, which contribute to damage. Oxidative injury to the mitochondrial membrane can also occur, resulting in membrane depolarization and, ultimately, mitochondrial damage, release of cytochrome c, activation of caspases and resultant apoptosis (Hughes, 1999; Victor et al., 2003 Victor et al., , 2004 . Thus, oxidative stress induced by PQ is likely an important mechanism of PQ-induced cytotoxicity and immunotoxicity.
The CCK-8 assay indicates that PQ dose-dependently induces cytotoxicity in RAW264.7 cells (Fig. 1) . This observation is consistent with previous studies that showed PQ-induced cytotoxicity in human lymphocytes, A549 cells, U2 cells, and THP-1 cells (Lee et al., 1993; Don Porto Carero et al., 2001; Rio and Velez-Pardo, 2008) . In previous studies, the PQ concentration varied from 1 μM to 10 mM (Styles, 1974; Cappelletti et al., 1998; Suntres, 2010, 2011; Cheng et al., 2012; Kang et al., 2013; Wang et al., 2014) . In particular, in some studies on apoptosis, high concentrations of PQ, ranging from 100 μM to 800 μM, were used for 24 h (Cappelletti et al., 1998; Cheng et al., 2012; Kang et al., 2013) . In this study, we used a lower concentration range for PQ treatments (0, 75, 150 μM) . From the CCK-8 assay in our study, the highest concentration of PQ (150 μM) caused a 50% decrease in cell viability compared to the control group. Additionally, the induction of apoptosis was examined through flow cytometry after Annexin V/PI staining. PQ dose-dependently increased the percentage of apoptotic cells (Fig. 2) .
Cell apoptosis is a highly regulated process of programmed cell death that is important for modulating cell numbers (Fiers et al., 1999; Fadeel and Orrenius, 2005) . Many intrinsic and extrinsic factors, especially caspases (Fuchs and Steller, 2011; Mao et al., 2013) and Bcl-2 superfamily proteins (Martinou and Youle, 2011) regulate apoptosis (Fuchs and Steller, 2011) . PQ has been reported to induce apoptosis in some mammalian cells (Cappelletti et al., 1998; Li and Sun, 1999; Rio and Velez-Pardo, 2008) . In the present study, a significant decrease in Bcl-2 was observed after exposure to PQ for 24 h (Fig. 5) . The Bax/Bcl-2 ratio was increased, leading to apoptosis. PQ also dose-dependently increased the cleavage of caspase-3 (Fig. 7) . The mitochondria, a critical intracellular organelle, plays an essential role in the regulation of apoptosis (Green and Kroemer, 2004; Orrenius, 2004; Mao et al., 2013) . ROS-induced MMP depolarization is involved in apoptosis related to mitochondrial dysfunction (Chipuk et al., 2006) . MMP depolarization induces a permeability transition, allowing for the release of pro-apoptotic factors, including cytochrome c, from mitochondria into the cytosol, thereby triggering caspase-dependent or caspase-independent cytosolic signaling events (Green and Kroemer, 2004; Orrenius, 2004; Mao et al., 2013) . In this study, exposure of RAW264.7 cells to PQ induced MMP depolarization. The present study suggests that mitochondrial injury may be associated with PQ-mediated RAW264.7 cells apoptosis. ROS are known to induce the intrinsic apoptotic cascade through interactions with proteins of the mitochondrial permeability transition complex (Tsujimoto and Shimizu, 2007; Mao et al., 2013) , and have been suggested to play an important role as a mediator in apoptosis (Circu and Aw, 2010) . PQ has been reported to produce oxidative stress in the rat midbrain and various cell lines, such as human lung carcinoma cells, hepatocytes, and retinal pigmented epithelial cells (Castello et al., 2007; Haley, 1979; Lu et al., 2006; Kim et al., 2011) . In this study, ROS generation was observed in RAW264.7 cells after PQ exposure (Fig. 4) . Combined, these data demonstrate that PQ can cause apoptosis through a ROS-mediated mitochondrion-dependent pathway.
In summary, the present study revealed that PQ dose-dependently induces apoptosis in RAW264.7 cells, via a caspase-dependent mitochondrial pathway. Additionally, exposure of RAW264.7 cells to PQ increased intracellular ROS levels and induced MMP depolarization. Our study highlights PQ-induced cytotoxicity in macrophages, and may be useful for further investigations of PQ-mediated immunotoxicity.
